We have recently reported that the volumetric as well as the viscoelastic intricacies of mechanically stimulated glasses can be predicted by coupling the structural relaxation kinetics and viscoelastic response [1, 2, 3] . Here, it will be shown that our approach can be extended to predict the stressstrain behaviour of glassy polymers as function of temperature, strain rate and aging time. In particular, a linear dependence of yield stress on the logarithmic of the strain rate can be obtained, conforming to the classical Eyring-type behaviour. The Poisson's ratio evolution was obtained from the volume relaxation behaviour highlighting an unexpected correlation between the yield point and the volumetric behaviour.
Introduction
In early forties of the past century, Eyring [4] developed a theory to describe the viscous flow in liquids. The fundamental idea of this model is that it can be applied to clarify some aspect of yield behavior in glassy polymers. Accordingly, yielding is described as viscous flow in which the activation energy barrier for load shear displacements of polymer segments is decreased by the applied stress. In this framework, a linear dependence of the yield stress (fixed as the maximum nominal stress in a stress-strain test) upon the logarithm of the strain rate was established for a number of polymers [5, 6, 7] . Indeed, when the yield stress is normalized to the absolute temperature and plotted against the logarithm of the strain rate a unique slope is exhibited. However, in a stress-strain test on polymer glasses, the yield stress is only the end of a complex story. The complexity of the response lies in the fact that polymer glasses are thermodynamically unstable [8, 9, 10, 11, 12 , 13] , so that their stress-strain response at constant temperature and strain rate does depend dramatically on the thermal history suffered before the start of the test. To illustrate: "freshly quenched glassy polymers" do not exhibit necking instability when stretched, while deeply aged polymers can show a dramatic change of toughness even falling into a brittle behavior [6, 8] . Recently [1, 2, 3] , in an attempt to regulate the controversies emerged from the volumetric as well as the viscoelastic response of mechanically stimulated glasses, a theory was proposed that accounts simultaneously for the temperature, the mechanical stress and the aging time. Formally, a constitutive link was established between a theory capable of capturing the principal features (nonlinearity and memory effect) of structural relaxation (namely, the KAHR model) [14] and the formalism of the equation for linear viscoelastic material behavior within the domain of reduced time. Here, we report on the results coming out from such theory simulating the stress-strain experiments as function of temperature, strain rate and aging time. The effect of aging time on yield stress is as dramatic as the temperature and strain rate. However, only experimental evidences support this statement [8, 9, 15] . Practically, reproducing and/or predicting a stress-strain curve accounting simultaneously for the effect of the actual stress (strain) the temperature and the thermal history has been rarely tempted. Another different difficulty of philosophical nature arises as one cannot omit to say that the mere existence of the yield stress (i.e. if it is a myth or an engineering reality) has been largely discussed, the discussion being based to the undeniable circumstance that "the yield stress is a vanishing concept as it seems likely that most, and perhaps all materials will undergo flow at any stress since flow merely requires the existence of a relaxation mechanism" [16, 17] . In this paper the yield stress of a commercially available polycarbonate will be predicted in a wide range of temperature, strain rates and aging times. The stressstrain behaviour, the volumetric predictions as well as Poisson's ratio evolution will be discussed shedding light on the yielding phenomenology.
Theoretical Background
The phenomenology of mechanically stimulated glasses is illustrated in Figure 1 where the effect of the sudden application of a tensile or compressive stress on a glassy system is reported. In these figures the full line represents the cooling path that drives the system to a glassy state 1 from an equilibrium state 0. The arrow indicates the effect of stress on the specific volume.
It has been assumed that the mechanical loading alters the thermodynamic state of the system through the isotropic part of the stress tensor, ), as they are defined in the framework of TNM (Tool-NarayanaswamyMoynihan) [15, 16, 17] and KAHR (Kalroush, Aklonis, Hutchinson, Ramos) [14] theories. For instance, it can be observed that both the fictive temperature, T f , and δ
) increase in tension and decrease in compression. So that, tensile loads bring the system closer to the (renewed) equilibrium line (identified by the point 2 te ), while in compression the system is driven away from it (point 2 ce ).
Thus, the applied stress alters significantly the structural relaxation kinetics (roughly speaking the T f and δ variations drive the system to a different reference T g ) then the glass structure does change its state. Indeed, the viscoelastic response would depend on the sign and magnitude of the applied stress (pressure) due to the non linear character of the structural relaxation, so that the viscoelastic relaxation process would be nonlinear. That is to say that polymers exhibit significant pressure dependence of the glass structure, so that their mechanical response, under arbitrary\loading histories can be reliably modeled if, and only if, the viscoelastic and the volume relaxation phenomena are intimately linked. Practically, it comes out that the viscoelastic response of glassy polymers is intrinsically non-linear due to the spontaneous change of the glass structure. To illustrate, even at vanishing stress the viscoelastic response is non-linear because it is completely debited to the non linear character of structural relaxation. When finite stresses are of concern (please notice that we do not make any distinction between "small" and "large" stresses), the kinetics of structural relaxation is altered in a complex way as illustrated in Figure 1 . Therefore, the viscoelastic response depends on the sign and the magnitude of the applied stress (i.e. it is non linear). Having this in mind, we have no restrictions to use our model to predict the largest allowable nominal stress, i.e. the yield stress as function of temperature, strain rate and aging time.
With the above arguments, our approach derived from the well established phenomenological theory capable of capturing the principal features (nonlinearity and memory effect) of structural relaxation, namely the KAHR model. To account for the effect of the applied stress on volume relaxation the pressure as replaced with the spherical part of the stress tensor. This procedure renders a immediate constitutive link between the structural relaxation kinetics and the mechanical behavior. Therefore the KAHR model was modified as follows:
where ) ( M is the memory function defined as follows:
In order to numerically solve equation (1) one needs to couple it with a material constitutive equation establishing the relationships between the stress and then strain tensors. We used the formalism of the constitutive equation for linear viscoelastic material behavior within the domain of reduced time :
Equations (1-5) have been fully described elsewhere [1, 2, 3] . Here we only emphasize that their numerical solution requires the knowledge of the PVT (pressure-volume-temperature) behavior and one of the viscoelastic functions , namely, the shear relaxation modulus, G, the bulk modulus, B, being derived directly from the PVT data [1, 2, 3] . For the sake of clarity, it should be mentioned that only the "linear" version of the viscoelastic function was required, the nonlinearity factors that influence the responses timescales being encrypted into the definition of the reduced time. Geometric description of the volumetric effects generated by the isotropic part of the stress tensor. The full lines indicate a specific thermal history at a given point within the sample that drives the point to the "state" 1 from an equilibrium state 0. The tensile (compressive) mechanical loading perturbs the volume driving the system in the state 2t (2c) and consequently alters its relaxation behaviour.
Results and discussion

Stress-strain behavior
After the above descriptions we are now ready to discuss the results in terms of yield and stress-strain behaviour. The simulation starts assuming a rapid quench from T g +20 K down to T g and holding the temperature constant. Then, the tests were numerically performed at constant rate of deformation,  , ( ). The stress strain responses as function of strain rate at a given aging time (namely, 10 4 s) are reported in Figure 2 . Similar tests (not reported here) have been performed at different temperatures and summarized in Figure 3 where the yield stress, normalized to the absolute temperature, is reported as a function of the strain rate, thus obtaining the classical Eyring plot [4] . The data points in terms of yield stress at a given temperature come from the maxima exhibited by the stress-strain curves of the kind illustrated in Figure 2 , where, for instance, the simulations have been obtained at T=120 °C. These two sets of results are commonly reported in literature [5, 6, 7] . Our modelling approach correctly predicts that the yield stress (i.e. the maximum of the stress strain curve) increases at increasing strain rates and that it scales linearly with the logarithm of the strain rate at any temperature with a unique slope. The symbols in Figure 2 represent the experimental data obtained under the nominal conditions imposed in the numerical simulation. Of course, due to the finite dimensions of the specimens, the real thermal history differs somewhat from that used numerically (due to the transient heat transfer phenomena). In spite of the above shortcomings the experimental data superpose almost completely to the predictions until the yield stress is reached. After that point, our model does not predict the instability phenomena (like the post-yield necking) as our approach is confined to homogeneous deformations displayed up to the yield point. Anyway the "level" of yield stress is predicted within the engineering approximation. More importantly, our predictions account for the variations of thermodynamic state of the glass according to the phenomenology described in Figure 1 , so that the yield stress arises from the competition of structural and viscoelastic phenomena (we would say from the characteristic timescales of volume and stress relaxation) In the range of strain tested, δ appears as a monotonic increasing function of the strain at higher strain rates, while it exhibits a non monotonic behaviour at lower strain rates. Indeed, at the lowest simulated strain rate, δ falls into negative values. It is quite surprising to see that one cannot find any correspondence between the maxima in the stress-strain curves and the corresponding volumetric behaviour. For instance, looking at the stress-strain curve obtained at the highest strain rate, yielding occurs at a strain value of about 4%, while, at that strain, δ does not show any abrupt change to be ascribed to a turning point. The same considerations can be done looking at the corresponding data in terms of Poisson's ratio, , in Figure 5 . It is apparent that at the strain corresponding to the yield stress, attains a value that is far from being close to 0.5. Indeed, the saturation value (namely, =0.5) is not attained even at the highest simulated strain. We recall that the Eyring theory is based on the transition state of viscous liquids under shear flow while we have shown that the phenomenology of mechanically stimulated glasses is captured in the framework of a theory that includes the volumetric as well as the viscoelastic phenomena, since their mutual interaction. For the sake of completeness we are also reporting in Figure 6 the stress-strain response of Polycarbonate at a fixed temperature and strain rate as function of the aging time. As reported in the pioneering work of Struik [8] , aging effects, i.e. densification, do increase both the stiffness and the strength of glassy materials. A kind of Eyring plot can be obtained from Figure 7 in which the normalized yield stress as function of the aging time at 7 different strain rates are reported. From the comparison of Figure 7 and Figure 3 the dramatic effect of the aging time can be easily compared with the effect of temperature and strain rate. Further, in Figure 7 the correlation of the normalized yield stress to the aging time gives rise to a sigmoidal dependence as physically expected: in fact, the classical Eyring plot reporting a linear dependence or the yield stress on the logarithm of the strain rate is the result of observations made in a limited range of strain rate and temperature. 
Conclusions
The stress-strain behaviour of polycarbonate can be predicted constitutively linking the structural and the viscoelastic relaxation phenomena. Simulations captured the principal response features of of glassy polymers appeared in literature. It has been shown that temperature, strain rate and aging time play comparable role in determining the shape of stress-strain response and the yield stress. The volume variations and the Poisson's ratio evolution were also reported, highlighting that the flow at the yield stress is not that of a viscous liquid, despite the fact that the Eyringtype behaviour is fulfilled.
Experimental
A commercially available polycarbonate (LEXAN, GE) was used as test material (T g =142 °C, calorimetrically determined, M w =33.000 g/mol, PDI=1.57).
The dilatometric behavior and the shear relaxation modulus were reported in reference 1. In particular the PVT experiments were performed by using a pressurevolume-temperature (PVT) apparatus by GNOMIX. The data in terms of volume change were obtained at the cooling rate of 1 °C/min. Volume changes were normalized to the absolute values by measuring the room temperature density of polycarbonate by a density column gradient. From PVT data the following KAHR parameters, ( T = 0.51, = 0.17, x = 0.69, = 0.44, ln( r ) = 2.56, with T ref = 403K) were calculated [1, 2, 3] . The shear relaxation modulus in form of a master curve at a reference temperature of 142 °C was obtained via the time temperature superposition procedure by shifting the data obtained in a narrow temperature interval (from 135 to 160 °C) above the glass transition temperature. The stressstrain test were performed on a Zwick dynamometer according to ASTM D790.
